Abstract-This paper details our research into the interfacial regions of nanocomposites, using vibrational spectroscopy to characterize the surface chemistry of differently modified particulate fillers. Results obtained from both nano-and micro-silica are reported as a function of silane treatment. Materials with varying surface concentrations of epoxide groups were produced by altering the chemical processing conditions. Raman spectroscopy is capable of providing qualitative data concerning the functionalization level, but the technique is incapable of providing absolute concentrations. Although FTIR should be capable of providing more quantitative data, anomalously high apparent concentrations are obtained, suggesting that the interactions occurring within dispersed particulate systems are rather more complex than implied by classical Beer Lambert behavior.
I. INTRODUCTION
Interest in the topic of nanocomposites has increased exponentially, as judged by the number of papers published worldwide in the area, since the pioneering work at Toyota in the early 1990s [1] . Although much of the initial effort was focused on how the addition of a nanoscopic filler could be used to generate materials that exhibit enhanced mechanical properties, following the lead of Lewis in 1994 [2] , the concept of nanodielectrics was born. From this point, much experimental work has been aimed at exploring how the addition of small proportions of nanofillers can be used to modify the electrical properties of a composite system. In general, these materials are based upon a polymeric matrix containing less than 10% of filler where at least one dimension is of the order of 10 nm in size. In the case of the nanosilica, the particles are nanoscopic in three dimensions whereas rods, such as hydroxiapatite are nanoscopic in two dimensions; and organoclays can be exfoliated into thin sheets which are nanoscopic in just one dimension. Nevertheless, despite the different dimensionalities involved, all of these material systems share one thing in common; the existence of at least one dimension in the nanometer range means that the interfacial area between the nanofiller and the matrix is large. As interfaces cannot be characterized by the bulk properties of either phase, this leads to the concept of an interphase region. This can constitute a significant proportion of the complete volume of the system in nanocomposites, which is a marked contrast to more macroscopic multi-component systems.
For example, in his 2004 paper [3] , Lewis considers interatomic and intermolecular forces at interfacial regions of the system. He discusses how, for composite dielectrics, there is a greater contribution from the interphase with the decrease in particle diameter. Indeed, it was shown that over 50% of the total volume would be occupied by the interphase if the particles were reduced to a size smaller than 5 nm and if the interfaces were determined only by short ranged forces. The preceding discussion sets out to demonstrate that the interphase is an important component of nanocomposite materials, in terms of their extent. However, thermodynamic factors are also important. Much of the early Toyota work focused on nanocomposites based upon nanoclays and polyamides, due to their polar nature. The strong interactions between the two components favor mixing. Since both nanoparticles and polymer molecules are relatively large, the entropic drive for mixing is low and as a result the dispersion state of the nanofiller is strongly affected by the chemical interactions that occur within the interphase. For many dielectric applications, non-polar materials such as polyethylene are required. Conversely, most nanofillers are polar and therefore obtaining a uniform distribution of the latter in the former is problematical.
Aggregation of nanofillers can have important practical consequences, in that the potential benefits of a well dispersed system are lost [4] . Indeed, evidence exists that aggregated nanoparticles can, for example, dramatically reduce the breakdown strength of the system [5] . Consequently, the concept of functionalization of nanoparticle surfaces to aid mixing is an attractive one; in the case of nanosilica, the surface chemistry can easily be changed using commercial silanes. These exhibit an amphiphilic character, such that one end reacts with the inorganic surface whilst the other is compatible with the polymeric host. By using such technologies, it is possible to modify the chemistry and extent of the interphase regions, as well as modifying dispersion.
While the concept of surface functionalization is qualitatively, not new, there have been few detailed studies [6] in which this critical element of a nanodielectric system has been systematically varied. One possible reason for this is that any such systematic study requires the surface chemistry to be quantitatively characterized. In this paper, we present the first step towards the design and quantification of nanoparticle surface chemistry -a step that we believe will ultimately allow the interphase to be optimized to meet demanding dielectric requirements. 
A. Sample Preparation
The materials used in this study were two silica grades obtained from Sigma Aldrich and a Dow Corning silane coupling agent, Z-6040 (glycidoxypropyl trimethoxysilane). All materials were used as supplied. The nanosilica grade is quoted as containing a particle size distribution ranging from 10 -20 nm, while the micro-silica quotes particle sizes of 0.5 -10 µm. Functionalized specimens were prepared from the above starting materials by first dissolving the required quantity of the silane coupling agent (100 mg, 200 mg or 400 mg) in 3.0 g of methanol and adding 200 mg of the appropriate silica. Each of the samples was stirred gently to provide basic dispersion and then left for 24 h for the silane to bind to the silica. After this time, the excess silane was removed by repeated washing of the functionalize silica with methanol before the sample was finally dried in an oven at 40 °C.
For Raman spectroscopy, the resulting product was pressed in a Graseby Specac press at 4 tons to form a compacted diskshaped sample. Specimens for Fourier transform infra-red spectroscopy (FTIR) were generated using a standard Nujol mull technique. In this, the required mass of silica (10 mg, 20 mg or 40 mg) was dispersed into 90 mg of the carrier oil (obtained from Sigma Aldrich) and introduced into a standard KBr FTIR cell, where the optical path length was determined by a polyethylene gasket, 0.1 mm thick. In the text that follows, these samples are referred to with reference to the quantity of silane included in the initial functionalization step and the quantity of functionalized silica used to make up the mull. Thus, for example, the 10 / 400 sample indicates that the mull contained 10 mg of the silica initially processed with 400 mg of Z-6040.
B. Sample Characterization
Raman data for this study were obtained using a Renishaw Raman RM1000 spectrometer coupled with a Leica microscope and a 785 nm CW diode laser of maximum operating power at 25 mW. The system has a holographic grating of 1800 mm -1 and a holographic (notch) filter which prevents backscattered Rayleigh radiation from reaching the Peltier-cooled charged coupled device (CCD) detector. Set up in non confocal mode, the spectrometer had a slit width of 50 µm and a CCD area of 10 pixels (image height) x 95 pixels (spectrometer range) that performed as a virtual pinhole. Throughout the experiment, a Leica x50 air objective (with a numerical aperture of 0.75) was used. Spectra were acquired using extended scans from 1300 cm -1 to 850 cm -1 . Each sample was scanned for 500 accumulations at 10 s each. The data were recorded using Wire 3.2 software and processed with Sigmaplot 11.0. The system was calibrated before every run using a silicon standard. The FTIR studies were performed using a Perkin Elmer Spectrum GX spectrometer with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. The data for each spectrum was collected from 400 cm -1 to 7800 cm -1 over 32 scans at 4 cm -1 resolution.
III. RESULTS

A. Raman Spectroscopy
Raman spectroscopy provides a straightforward means of acquiring chemical data non-destructively, from a wide range of different specimens. Fig. 1 shows Raman spectra obtained from the silane coupling agent Z-6040, the nanosilica and micro-silica. For the purposes of this paper, it is sufficient to treat these spectra as simple fingerprints and, therefore, no detailed analysis is presented here. Nevertheless, the peak close to 910 cm -1 in the Z-6040 spectrum is worth noting, since these results from a vibrational mode associated with the epoxide group [7] . A selection of Raman spectra obtained from nanosilica samples treat with the indicated quantities of Z-6040 are shown in Fig 2. Only the region of the spectrum from 1300 -850 cm -1 is shown, as this contains peaks associated the silane epoxide group and a number of organic groups. Considering the epoxide peak, it is evident from this figure that processing the nanosilica as described has modified its surface chemistry and that the intensity of the epoxide group increases monotonically with the concentration of the Z-6040 in the initial processing solution. Although it is possible that some of this signal emanates from adsorbed molecules, as opposed to covalently bonded chemical groups, the repeated washing process described would suggest that the contribution is dominantly from those that are not adsorbed. As such, the results presented demonstrate strongly that the chosen chemical processing route has been successful in modifying the surface chemistry of the nanosilica and that Raman spectroscopy is a viable means of probing the surface chemistry of such materials. However, while the approach appears to be capable of providing qualitative data and, for a series of specimens based on the same nanofiller, indications of relative concentration of surface groups, the inherent complexity of Raman spectroscopy means that absolute measurements are extremely difficult.
B. FTIR Spectroscopy
FTIR spectroscopy provides, in principle, a more quantitative approach to the problem described above, albeit without the spatial resolution or ease of sample preparation inherent in the Raman technique. Before considering the nanoparticulate systems mentioned previously, we present some parallel results obtained using micro-silica. Fig. 3 contains representative raw absorbance data obtained from the spectrum of the untreated micro-silica over the wavelength range 850 -1300 cm -1 , where it takes the form of a broad hump with no characteristic localized features (the dashed line in Fig. 3 , labeled 10 / 0). Equivalent data obtained from the treated specimen is represented by the dash/dot line labeled 10 / 400. Subtraction of these two spectra gives the difference spectrum, which should be associated with the chemical treatment alone. This process was repeated for other samples, made from dispersing 20 mg or 40 mg of the treated and untreated nanosilica into Nujol mulls; the resulting data for the 20 / 400 system are presented in Fig. 4 , together with the FTIR spectrum of the liquid coupling agent. The attempts to obtain useful data from Nujol mulls containing higher solid loading levels were unsuccessful due to excessive scattering. ; 1194 cm -1 ; 1255 cm -1 . From the uppermost spectrum, it is evident that all four of these wavelengths correspond to characteristic vibrational modes of the glycidoxypropyl trimethoxysilane molecule and, of particular interest, is the epoxide peak at 911 cm -1 . However, treating these data purely as fingerprint spectra, the conclusion that is reached is that the spectral subtraction routine illustrated in Fig. 3 generates data that corresponds closely to the chemical fingerprint of the silane coupling agent throughout the 800 -1300 cm -1 range. Nevertheless, the data shown in Fig. 4 are problematical. From the Beer Lambert law, absorbance will depend on the product of the molecular absorbance coefficient at the chosen wavelength, the optical path length and the molar concentration of the species of interest. Since, in our experiment, the first two of these remain constant, the Z-6040 data shown in Fig. 4 should provide a means of determining the absolute concentration present in the two functionalized silica specimens. Performing this simple mathematical manipulation leads to unreasonably high apparent quantities of Z-6040 in both the 10 / 400 and 20 / 400 specimens. However, the ratio of the apparent concentrations found for the two functionalized systems are appropriate, removing the possibility of some gross experimental error. Put simply, the effective Z-6040 detection efficiency of the FTIR spectrometer is too high in the presence of particulate alumina. 5 shows FTIR data obtained from a series of functionalized nanosilica samples. Although these spectra were obtained using the same data processing routine as described previously, a number of significant differences are worthy of note. First, the traces shown in Fig. 5 were all obtained by producing Nujol mulls by dispersing just 10 mg of nanosilica; at higher loading levels the absorbance was so low that no meaningful data could be obtained. Indeed, even at this loading level the absorbance was dramatically reduced compared with the equivalent micro-silica case, with the consequence that minor features, such as the epoxide peak, can no longer be distinguished from the noise. Nevertheless, the major feature at around 1100 cm -1 can be seen and this increases monotonically with the degree of functionalization.
IV. CONCLUSIONS
This research demonstrates that vibrational spectroscopy is capable of providing information concerning the chemical state of functionalized nanoparticles. In the case of Raman spectroscopy, the magnitude of the characteristic peaks scales with the degree of functionalization but, unsurprisingly, the approach is not easily adapted to provide absolute concentration data. In the case of FTIR spectroscopy, optical scattering is an issue that appears to compromise the simplistic application of the classical Beer Lambert equation; the technique is, however, capable of providing semi-quantitative data. ACKNOWLEDGMENT C.Y. acknowledges the support of an EPSRC studentship. Some of the work described in this paper was conducted as part of the FP7 Anastasia project. 
